Core collapse supernova (CCSN) rates suffer from large uncertainties as many CCSNe exploding in regions of bright background emission and significant dust extinction remain unobserved. Such a shortfall is particularly prominent in luminous infrared galaxies (LIRGs), which have high star formation (and thus CCSN) rates and host bright and crowded nuclear regions, where large extinctions and reduced search detection efficiency likely lead to a significant fraction of CCSNe remaining undiscovered. We present the first results of project SUNBIRD (Supernovae UNmasked By InfraRed Detection), where we aim to uncover CCSNe that otherwise would remain hidden in the complex nuclear regions of LIRGs, and in this way improve the constraints on the fraction that is missed by optical seeing-limited surveys. We observe in the nearinfrared 2.15 µm K s -band, which is less affected by dust extinction compared to the optical, using the multi-conjugate adaptive optics imager GeMS/GSAOI on Gemini South, allowing us to achieve a spatial resolution that lets us probe close in to the nuclear regions. During our pilot program and subsequent first full year we have discovered three CCSNe and one candidate with projected nuclear offsets as small as 200 pc. When compared to the total sample of LIRG CCSNe discovered in the near-IR and optical, we show that our method is singularly effective in uncovering CCSNe in nuclear regions and we conclude that the majority of CCSNe exploding in LIRGs are not detected as a result of dust obscuration and poor spatial resolution.
ing high infrared (IR) luminosity is due to UV light from hot young stars getting absorbed by dust and re-emitted in the IR. In the local Universe the relative SF contribution of (U)LIRGs is small, but by a redshift of ∼1 the SF in these dusty galaxies dominates over that in normal galaxies (Magnelli et al. 2011) .
Based on their LIR, starburst dominated (U)LIRGs have an elevated expected core-collapse supernova (CCSN) rate of the order of one per year (Mattila & Meikle 2001) , which is ∼100 times larger than the Milky Way CCSN rate (Adams et al. 2013 ). Due to the short lifetime of their progenitors, CCSNe act as a relatively direct tracer of the current rate of massive SF. However, even with the onset of wide field optical SN searches this past decade (such as CRTS, Drake et al. 2009 ; ASAS-SN, Shappee et al. 2014; Pan-STARRS1, Chambers et al. 2016; SkyMapper, Scalzo et al. 2017 ) surprisingly few CCSNe have been found in LIRGs.
This shortfall of CCSNe is not unique to LIRGs: Horiuchi et al. (2011) claimed that up to half of all CCSNe beyond the local volume, as predicted by the well-defined SF rate history, are not observed: the so-called Supernova Rate Problem. In the very local Universe, however, such a discrepancy is not seen (Botticella et al. 2012; Xiao & Eldridge 2015) , and Cappellaro et al. (2015) argue that systematic errors in the SN and SF rates remain too large to invoke a supernova rate problem in the first place. One of the main uncertainties in the observed CCSN rate is the fraction that is missed in obscured and clumpy galaxies, such as LIRGs. Based on monitoring of the LIRG Arp 299, Mattila et al. (2012) placed empirical limits on the fraction of CCSNe missed by optical surveys as a function of redshift, concluding that the optical missed-fraction rises from 20% locally to 40% at redshift of ∼1. These corrections were successfully applied to bridge the gap between observed and predicted CCSN rates in several studies (e.g., Dahlen et al. 2012; Melinder et al. 2012) , or used as a high extinction scenario for CCSN rates at high redshift (z=2; Strolger et al. 2015) , but are based on a small SN sample.
In order to improve the constraints on the missed fraction of CCSNe, a larger statistical sample of CCSNe in obscured and clumpy galaxies is required. LIRGs fit these properties well and also display a clear deficit in CCSN discoveries. They have therefore been targets for several supernova surveys in the near-IR, where extinction is vastly reduced compared to optical wavelengths (AK ∼ 0.1 × AV ), to uncover their CCSN population. Mannucci et al. (2003) observed 46 local LIRGs in natural seeing conditions in K' -band and detected three CCSNe, an order of magnitude smaller than the rate estimated from the galaxies LFIR. Cresci et al. (2007) observed 17 LIRGs with HST/NICMOS in the F160W filter and did not find any confirmed SNe. Miluzio et al. (2013) observed 30 LIRGs across three semesters in service time with HAWK-I on the VLT in natural seeing conditions in K -band and detected five CCSNe. They claimed good agreement with the expected rate, but assumed a large fraction (∼60-75%) remained hidden in the nuclear regions (<2 kpc) due to reduced search efficiency and extinction.
The results of these studies demonstrate that there remains considerable uncertainty in the CCSN rate from LIRGs. With a dozen CCSN discoveries in total, the number of detections have lagged behind the expected CCSN rate, typically attributed to limitations in temporal coverage, lack of contrast against the extremely luminous background and/or inadequate spatial resolution in order to resolve the crowded and complex nuclear regions in LIRGs. Recent studies using near-IR ground-based adaptive optics (AO) imaging to provide the necessary high spatial resolution have had more success uncovering SNe in these conditions, with an additional five near-IR CCSN discoveries (Mattila et al. 2007 ; Kankare et al. 2008 Kankare et al. , 2012 . Promisingly, several of these CCSNe have been within a few hundred pc from the hosts' nuclei, with extinctions up to 16 magnitudes in V -band.
Building on these early results, we commenced in 2015 the SUNBIRD (Supernova UNmasked By Infra-Red Detection) project: a systematic search for CCSNe in a sample of LIRGs within 120 Mpc using laser guide star AO (LGSAO) imaging with the Gemini South Adaptive Optics Imager (GSAOI, McGregor et al. 2004; Carrasco et al. 2012) with the Gemini Multi-Conjugate Adaptive Optics System (GeMS, Rigaut et al. 2014; Neichel et al. 2014a ) on the Gemini South telescope. The SUNBIRD project aims to characterise the population of CCSNe in the dusty and crowded star forming regions of LIRGs and in this way improve the constraints on the fraction of CCSNe missed due to dust obscuration and/or nuclear vicinity. In this first paper we introduce this ongoing survey and report on the first results of project SUNBIRD: three LIRG CCSN discoveries and one CCSN candidate.
During preparation of this manuscript, project SUN-BIRD has extended coverage to the Northern hemisphere through use of the Keck telescope. A description of the Keck campaign and a detailed CCSN rate analysis of the complete sample of LIRGs in SUNBIRD will appear in a forthcoming paper.
Section 2 of this paper contains a description of the survey, including the galaxy sample and observing strategy. In Section 3 we describe the data reduction and analysis. We present the SUNBIRD supernova detections made so far in Section 4, followed by Sections 5 and 6 where we investigate the supernova types and explore the impact of these new discoveries on the total number of CCSNe discovered in LIRGs, respectively. Finally in Section 7 we draw our conclusions. Throughout this paper we assume H0 = 70 km s −1 Mpc −1 , ΩΛ = 0.7, and ΩM = 0.3.
PROJECT SUNBIRD

Galaxy sample
The sample of LIRGs observed in SUNBIRD was selected from the IRAS Revised Bright Galaxy Sample (RBGS; Sanders et al. 2003) . The main constraints to the sample selection originated from the instrument we used, GeMS/GSAOI on the Gemini South telescope, which requires guide stars of sufficient brightness and vicinity for the AO correction (see section 2.2). Additionally we limited the sample to galaxies that are closer than 120 Mpc (z=0.027) in order to be able to resolve the central regions as close to the nucleus as possible. At this distance a typical AO corrected FWHM of 0.1 corresponds to ∼60 pc. We included targets with IR luminosities L(8-1000µm) in RBGS of log(LIR) > 10.9, see Table 1 . Finally, we omit LIRGs where a significant AGN contamination to the IR luminosity could be expected, and thus exclude targets with 'warm' IRAS colours, requiring f25/f60 < 0.2 (e.g. Farrah et al. 2005) . The only exception is IRAS 08355-4944 with f25/f60 = 0.24 which is included in the sample based on SED fitting results, where it was shown to have a high SF rate of ∼85 M yr −1 (Dopita et al. 2011) , typical for a SF dominated LIRG.
Observing strategy
The near-IR observations were obtained with GeMS/GSAOI on the Gemini South telescope. GSAOI is a near-IR AO imaging camera fed by GeMS and records images in a 85 × 85 field-of-view (FOV) with a pixel scale of 0.0197 pixel −1 , delivering close to diffraction limited images between 0.9 -2.4 µm. An optimal uniform AO correction across the FOV of GeMS requires three natural guide stars (NGS) in addition to the 5-point sodium laser guide star (LGS) pattern. The minimum requirement for AO correction at the time of the observations was at least one NGS of sufficient brightness (mR < 15.5 mag) available within the 1 patrol field of the wave front sensor probes and one on-detector guide window star (mH < 13.5 mag) within the 40 FOV of any of the four GSAOI detectors at all dither positions.
The SN search was conducted in Ks-band, as this is where, compared to J and H, AO performs best and extinction due to dust is lowest. Each target was imaged with a 9 step dither pattern for 120s at each position with a step size large enough (>5 ) to cover the gaps between the detectors. The targets were typically centred on one of GSAOI's four arrays, with orientation depending on the galaxy and the locations of the NGS. Employing the efficient cadence strategy from Mattila & Meikle (2001) for near-IR CCSN searches, we aimed to observe each galaxy twice each semester. In practice we achieved this cadence for half of the sample while the remainder of the sample galaxies was observed less frequently, due to seasonal weather variations, sodium layer return, and interruptions due to aircraft and satellite avoidance (see Table 1 ). If a night did not allow for coverage of all observable targets, priority was given to galaxies with a high expected SN rate and those for which at least one GeMS/GSAOI epoch was already available. Expected SN rates were based on the empirical relation from (Mattila & Meikle 2001) :
The targets in our sample with just one epoch were checked for SNe against archival high-resolution VLT/NACO (Nasmyth Adaptive Optics System NearInfrared Imager and Spectrograph, 0.055 pixel −1 ; Lenzen et al. 2003; Rousset et al. 2003 ) AO images, obtained by members of the SUNBIRD collaboration as part of a predecessor program (Randriamanakoto et al. 2013 ) and available for the whole sample.
Our total sample of LIRGs covered with GeMS/GSAOI so far consists of 13 galaxies up to a distance of 115 Mpc. Even though for some LIRGs there were only one or two NGS available and AO correction was not optimal, across our full data set a typical point-spread function (PSF) of ∼0.07 -0.12 FWHM was achieved.
Multi-wavelength follow up
Following a potential SN detection in Ks, the source was first checked for proper motion between exposures, to exclude a passing minor planet 3 . Follow up with GeMS/GSAOI in H and J was done as soon as possible, which due to observing constraints typically occurred in the next GeMS/GSAOI observing window. As these observing windows were two to three months apart, rapid follow up of the SN candidate in the near-IR/optical was done with other instruments: in JHK with NACO on the VLT, or contemporaneously with the Nordic Optical Telescope (NOT, Djupvik & Andersen 2010) in r' -and i' -band with ALFOSC 4 (Andalucia Faint Object Spectrograph and Camera, 0.19 pixel −1 ) and in JHK with NOTCam (Nordic Optical Telescope nearinfrared Camera and spectrograph, 0.234 pixel −1 ). In addition to near-IR and optical imaging, two SN candidates were observed at radio wavelengths with the Karl G. Jansky Very Large Array (JVLA). A detection would provide important information about the nature of the SN and rule out a Type Ia SN, as even the most nearby Type Ia have yet to be detected at radio wavelengths (e.g. Hancock et al. 2011; Perez-Torres et al. 2015; Chomiuk et al. 2016) . The intrinsic rate of Type Ia SNe in LIRGS is estimated to be ∼5% of that of CCSNe (Mattila et al. 2007 ). As a final step, when possible near-IR spectroscopic coverage was obtained, under natural seeing conditions using the crossdispersed mode of the Gemini Near Infra-Red Spectrograph (GNIRS) on Gemini North (Elias et al. 2006a,b) . The follow up observations are described in more detail in Section 4.
DATA REDUCTION AND ANALYSIS METHODS
GeMS/GSAOI data reduction
The GeMS/GSAOI data were reduced using theli 5 (Erben et al. 2005; Schirmer 2013 ), generally following the procedures described in Schirmer (2013) and Schirmer et al. (2015) . GeMS/GSAOI exposures suffer from a distortion pattern with a static component introduced by GeMS, and variable distortion components depending on NGS configurations, position angle and elevation (Neichel et al. 2014b; Schirmer et al. 2015) . theli uses Scamp (Bertin 2006) for astrometric calibration and distortion correction of individual exposures prior to final co-addition, based on reference catalogues of point sources measured in distortion-free images of the same field, such as from HAWK-I on the VLT or VIRCAM on the VISTA telescope. In this way an optimal data quality across the FOV is obtained. Optimisations or adaptations of the procedures mentioned above are described in Appendix A. The solutions are specific to this project, but applicable to any GeMS/GSAOI observations with a low number source density.
NOT and NACO data reduction
The near-IR NOTCam instrument data were reduced with a slightly modified version of the external notcam package 6 (v. 2.5) within iraf 7 . The reduction steps included flat field correction, distortion correction, sky subtraction, and stacking of the individual exposures for increased signal-tonoise ratio. The optical r' -and i' -band ALFOSC images were reduced using the quba pipeline (Valenti et al. 2011) , including bias subtraction and flat field correction.
The near-IR data taken with VLT/NACO were reduced using the NACO pipeline, which is based on the ESO Common Pipeline Library (CPL) 8 . The jittered on-source images were flat field corrected, then median-combined to create a sky frame. Bad pixels were removed and the sky was subtracted from the individual images. The images were then stacked using a 2-D cross-correlation routine.
GNIRS near-IR spectroscopy data reduction
We used the cross-dispersed spectroscopy mode, providing a complete spectrum within 0.8-2.5 µm at an instrumental resolution of R ∼ 1700. The data were reduced using version 2.6 of the XDGNIRS pipeline 9 . Briefly, the spectra were cleaned of pattern noise caused by the detector controller, using the python code from the Gemini website 10 . Radiation events from the radioactive lens coatings on the GNIRS short camera were identified and interpolated over using iraf's fixpix task. Files were divided by a combined master flat field, created from a combination of quartz-halogen and IR flats taken after each science observation. Subtraction of a sky frame removed night sky emission lines as well as other static artefacts in the detector, such as stable hot pixels. The orders were rectified using daytime pinhole flats, wavelength calibrated using an argon arc frame and 1D spectra were extracted from each order using iraf task apall. Telluric correction and flux calibration were done using an A-type star which was observed immediately before or after each science object. Each order of the science target was multiplied by a black body spectrum of the telluric star's effective temperature, scaled to the K -band flux of the standard star for an approximate 2MASS flux calibration, and the orders were joined together using the iraf task odcombine.
Image subtraction
Subtraction of different epochs was done using a slightly modified (to accept manual stamp selection) version of image subtraction package ISIS 2.2 (Alard & Lupton 1998; Alard 2000) , where the software matches the PSF as well as flux and background levels of a previously aligned pair of images by deriving an optimal convolution kernel based on a selection of small windows (or "stamps") around objects with high signal-to-noise. See Figs. 1-2 for the resulting subtractions. In the case of IRAS 18293-3413 the subtraction process resulted in considerable residuals at locations of high signal-to-noise, such as the nucleus and other bright compact sources. This was a result of having to prioritise an optimal subtraction for the central regions, as the SN is located very close to the nucleus. AO is optimized for point sources, but for a bright nuclear region with some intrinsic 8 http://www.eso.org/sci/software/cpl/ 9 http://drforum.gemini.edu/topic/gnirs-xd-reduction-script/ 10 http://www.gemini.edu/sciops/ instruments/gnirs/data-format-and-reduction/ cleanir-removing-electronic-pattern-0 morphology the PSF is likely to vary between epochs. As such, the extraction of a SN signal in a location with such a steep background gradient is non-trivial, because any deviations from a perfect PSF match will produce large residuals. Despite our best efforts it was not possible to obtain a uniform subtraction across the full image. The smoothest subtraction of the nucleus was obtained by selecting a large number (>10) of small stamps near and in the galaxy to map the PSF around the SN location as well as possible, but this resulted in the residual patterns visible in the subtraction at the locations of bright compact objects in the field.
Photometry
The photometry of the objects was measured using the snoopy 11 package in iraf, where a PSF is fitted to the SN residual in the subtracted image. The PSF was derived from 10 isolated field stars in the FOV of the one image that was not convolved during subtraction (i.e. the image with poorest image quality). snoopy removes a simple background estimate from the region surrounding the SNe (excluding the innermost region around the object) during PSF fitting, but as the SN detections are generally located in nuclear regions with large and variable background signal, the PSF fitting is performed on the SN residual in the subtracted image, where the complex background has already been removed. The photometry was calibrated against 5 2MASS stars in the FOV, when available. Systematic errors in the local background subtraction were estimated by simulating and PSF fitting nine artificial stars in a three by three grid pattern around the SN position in the subtracted image. These typically dominated the photometric errors.
The FOV of NGC 3110 did not offer any suitable catalogue reference stars and only one clear isolated field star for PSF fitting purposes. This field star acted as the PSF model and photometric reference for SN 2015ca after the field star's JHKs magnitudes were determined from NOT images calibrated against 5 2MASS sources.
In case of a non-detection, a 5-σ upper limit was determined by simulating stars of decreasing brightness at the SN location using the task mkobjects in iraf package artdata, prior to subtraction. The signal-to-noise was based on the aperture flux of the residual of the simulated star compared to 80 empty positions in the field around the SN location using iraf task phot.
Light curve template fitting
To determine the type of the discovered SNe, the observed light curve data points were fitted using (reduced) χ 2 minimization to three prototypical template light curves, representing Type IIP, IIn and stripped envelope Type IIb and Ib/c SNe, similarly to Kankare et al. (2008 Kankare et al. ( , 2014 . The three prototypical CCSNe templates were chosen on the basis of being well characterized and having a well sampled light curve in the near-IR covering the different stages of SN evolution during at least the first 150 days since explosion. It should be noted that there is non-negligible diversity in SNe even within a given type, and thus the sources detected here could differ from the templates. The templates we used (see Fig. 6 , 7 and 8) are as follows:
• Type IIP: A type IIP template fit was carried out based on the photometric evolution of SN 1999em. UBVRI light curves of SN 1999em (Leonard et al. 2002) were transferred into ugri using the conversions of Jester et al. (2005) . JHK light curves were obtained from Krisciunas et al. (2009) . The distance modulus, total V -band line-of-sight extinction, and explosion date of the used template SNe were adopted for the analysis from the literature. For SN 1999em, µ = 30.34 mag, te = 2451475.0 in JD, and AV = 0.34 mag were reported by Krisciunas et al. (2009) .
• Type IIn: A type IIn template fit was carried out using the published light curves of SN 1998S (Fassia et al. 2000; Liu et al. 2000; Mattila & Meikle 2001) . Similar to SN 1999em, the Johnson-Cousins light curves were converted into the SDSS system using the transformations of Jester et al. (2005) . For SN 1998S, µ = 31.15 mag, te = 2450872.5 in JD, and AV = 0.68 mag were adopted from Fassia et al. (2000) .
• Type IIb/Ib/Ic: Well-sampled multiband light curves of Type IIb SN 2011dh (Ergon et al. 2014 (Ergon et al. , 2015 were used as a general template for stripped-envelope SNe, since the photometric evolution of Type IIb SNe appears to be fairly similar to that of Type Ib/c SNe (e.g. Arcavi et al. 2012 ). All the bands are fitted simultaneously with three free parameters: the line-of-sight extinction AV , time t0 between explosion date and discovery, and a fixed constant C applied to all bands, representing the intrinsic magnitude difference between SNe. Upper limits are used to constrain the template fits where necessary. Galactic line-of-sight extinction values are adopted from NED based on the dust maps of Schlafly & Finkbeiner (2011) and are fixed in the fit. For host galaxy and Galactic extinction, the Cardelli et al. (1989) extinction law was used. • 11 27.24 , with 0.03 and 0.03 uncertainty in R.A. and Decl., respectively. SN positions in this paper were determined using centroiding in iraf in the subtracted images to avoid the effects of strong Table 2 . Supernova free comparison GeMS/GSAOI images required for optimal image subtraction were obtained in Ks, H and J on 2015 June 2.
SN 2015ca in NGC 3110
The discovery image of SN 2015ca (Kool et al. 2016) in NGC 3110 was observed on 2015 March 11; see Fig. 2 . As a reference image a NACO Ks-band image from 2010 December 28 was used (Randriamanakoto et al. 2013 ). The subtracted image revealed a point source along the northern spiral arm of the galaxy 4.3 North and 8.0 West from the nucleus, corresponding to a projected distance of ∼3.5 kpc. WCS matching in theli with a catalogue of >300 sources extracted from a HAWK-I image (Miluzio et al. 2013) 
Radio observations
VLA observations
We observed IRAS 17138-1017 and NGC 3110 with the VLA on 2015 April 8-9 under program 15A-471 (PI: Pérez-Torres), while the VLA was in B-configuration. We observed IRAS 17138-1017 at K-band (centred at 22 GHz) with a total bandwidth of 8 GHz, and NGC 3110 at X-band (10 GHz), with 4 GHz of bandwidth, in both cases using full polarization.
We used the bright quasar 3C286 for flux and bandpass calibration, and J0943-0819 and J1733-1304 to calibrate the phases of IRAS 17138-1017 and NGC 3110, respectively. We performed a standard data reduction using the Common Astronomy Software Applications package (CASA; McMullin et al. 2007 ). We imaged our datasets using multifrequency synthesis ( 
eEVN observation
We also observed the region around SN 2015ca and AT 2015cf with the electronic European VLBI Network (eEVN) on 10 May 2016. We used the eEVN at an observing frequency of 5.0 GHz, using an array of nine telescopes for about 2-hr, including overheads for calibration purposes and slew time. We observed the transients phase-referenced to the nearby source J0959-0828, using a typical duty cycle of four minutes. We used the strong source 3C273B as fringe finder and bandpass calibrator. All the data were correlated at the EVN MkIV data processor of the Joint Institute for VLBI in Europe (JIVE, the Netherlands), using an averaging time of 2 s.
We used AIPS for calibration, data inspection, and flagging of our eEVN data, using standard procedures. We then imaged a FOV of 1 ×1 centred at RA=10:04:01.572 and DEC=-06:28:25.480, and applied standard imaging procedures using AIPS, without averaging the data either in time, or frequency, to prevent time-and band-width smearing of the images. We did not detect any signal above 101 µJy/b (=5σ) in the field surrounding SN 2015ca. Several sources at the 3-σ level were detected, but repeated imaging with different cleaning schemes showed that these were spurious detections, implying that there was no evidence of radio emission from SN 2015ca. AT 2015cf was not covered in the 1 ×1 FOV.
Near-IR spectroscopic observations
We obtained near-IR spectroscopy of SN 2015ca and SN 2015cb through Director's Discretionary Time with GNIRS on the Gemini North telescope on 2015 May 23. These observations were obtained in natural seeing conditions ∼70 days after discovery. We opted for near-IR spectroscopy as the SNe were located in crowded regions and expected to be significantly dust extincted. Image quality in the near-IR is typically better and less affected by dust extinction than the optical. The SNe were too faint to acquire directly, so a blind offset from a bright star was required. There was no clear indication of a point source in the slit, and the spectra did not show any emission lines associated with CCSNe. As such the obtained spectra could not be used to constrain the SN types of SN 2015ca or SN 2015cb.
ANALYSIS
SN 2013if
The best template fit for SN 2013if with aχ 2 of 4.7 is a Type IIP caught in the tail phase (see Fig. 6 and Table 5 ), although the other templates fit the data with comparable values ofχ 2 . A Type IIP caught in the tail phase is deemed most likely as, in addition to the fitting results, it is the only fit where no magnitude shift C is required and the SN discovery is not before or at the maximum of the light curve. This means it does not require a sub-luminous supernova as opposed to the Type IIn fit with similarχ 2 , and it does not require discovery during the very short-lived phase around maximum light.
The fit of the tail phase Type IIP is along a linearly extrapolated tail with a very slow colour evolution, so the fitting parameter time t0 between explosion and detection is poorly constrained by the data. However a NACO image from 2012 September 14, 219 days prior to discovery, does not show a detection with an upper limit of 19.2 in Ks, allowing for the constraints on t0. Regardless of SN type, it is noteworthy that all four template fits are best fitted with an extinction AV of 0. This is surprising as the SN is very close to the nucleus where significant extinction would be expected. Negligible extinction suggests we are observing the SN in the foreground of the host's nuclear regions.
SN 2015ca
SN 2015ca is best fitted by the Type IIP template, with χ 2 = 3.8, but the stripped envelope template fits the data too, withχ 2 = 5.0; see Fig. 7 and Table 5 . In both cases the fit requires moderate extinction (AV = 3.4 +1.0 −1.7 and AV = 2.8 +0.3 −0.4 , respectively) and a magnitude shift of ∼1.5. However neither template fits well the brightest epoch from 2015 April 6 with the NOT. The Type IIn template is poorly fitted by the data, and seems inconsistent with the JHK upper limits of the final epoch. We also fitted a Type Ia light curve to the data based on the light curve of SN 2011fe (Matheson et al. 2012; Zhang et al. 2016) , because SN 2015ca exploded in an isolated location seemingly far from recent SF. With aχ 2 = 17.9 the Type Ia fit was clearly inferior to the core collapse scenarios. The Type IIn, stripped envelope, and Type Ia fits have been forced to take into account the i' -band limit from the NOT, i.e. the i' -band curve is basi- Table 3 . Results from fitting light curve templates to the three SNe, with line-of-sight extinction A V , time t 0 between explosion date and discovery, and a fixed constant C representing the intrinsic magnitude difference between SNe. The final column shows the resultingχ 2 for each fit. cally matching with the i-band limit. The Type IIP fit was consistent with the limit based on the detections. The follow up at radio wavelengths with the VLA and eEVN did not show any detections of SN 2015ca. For the two likely scenarios the radio luminosity for Type IIP SNe typically peaks between ∼20-70 days post explosion and are much fainter than stripped envelope SNe, which peak between 10-150 days post explosion (Romero-Cañizales et al. 2014 ). In the case of the IIP fit, the VLA non-detection would have been 86 +14 −5 days post explosion, meaning the relatively faint radio signature of the SN would already have been on the decline. For the stripped envelope fit, the obser- Core-collapse supernova rate (SN yr −1 ) 0.14 +0.01 −0.01 Table 4 . NGC 3110 SED model fitting parameters and derived physical quantities vation occurred 44 +6 −2 days post explosion, which coincides more closely with radio peak luminosities for the type. For instance for SN 2011dh, the prototypical SN used for the stripped envelope template, the observation would have been at peak (∼40 days) with a luminosity forty times brighter than SN 1999em, the SN used for the Type IIP template (∼8 × 10 26 erg s −1 Hz −1 versus ∼2 × 10 25 erg s −1 Hz −1 , respectively). However, as the SN is coincident with strong host galaxy signal, it is not possible to exclude certain SN types definitively based on the VLA observation.
The eEVN non-detection of SN 2015ca at 5 GHz with a 3σ upper limit of 60 µJy beam −1 (<4 × 10 26 erg s −1 Hz −1 ) occurred 60 days post discovery. This would have been 118 +14 −5 days for the Type IIP fit and 76 +6 −2 days post explosion for the stripped envelope fit. This means a Type IIP SN would have been well past peak luminosity and at any point along the light curve below the detection limit. On the other hand a stripped envelope SN would have been much closer in time to peak with a luminosity well above the upper limit, This is shown in Fig. 4 of Romero-Cañizales et al. (2014) for the majority of stripped envelope SNe with the exception of more extensively stripped Type Ic SNe, like 2002ap or 2007gr. As such the eEVN upper limit rules out a large fraction of stripped envelope SNe, implying a Type IIP is more likely for SN 2015ca.
SN 2015cb
The SN 2015cb data is best fitted by the templates of a Type IIP caught in the plateau phase or a stripped envelope SN, withχ 2 = 11.7 andχ 2 = 11.2, respectively; see Fig. 8 and Table 5 . In both cases a slightly more luminous than average SN has been observed (magnitude shifts C = −0.7 +0.1 −0.3 and C = −1.1 +0.1 −0.2 , respectively) with a moderate extinction of ∼4.5 magnitudes in V. To take into account the r' -band limit, all template fits were required for the limit to at least match the r' -band template curve. Similar to SN 2015ca, the lack of a radio detection with the VLA a month after discovery favours a Type IIP scenario, but the presence of significant contamination around the SN location prevents obtaining a strong upper limit to conclusively exclude a stripped envelope SN.
AT 2015cf
If AT 2015cf were a young SN, this would yield an unlikely combination of extremely high line-of-sight extinction and/or intrinsically very sub-luminous SN. Furthermore, the K s-band decline rate of AT 2015cf from 2015 March 11 until 2015 May 29 (0.5 ± 0.4 mag / 100 days) is within errors roughly consistent with the theoretical 56 Co decay rate with complete γ-ray trapping. However, typically H-poor SNe decline more rapidly in the tail phase. Nonetheless, to estimate parameter limits, we consider both the Type IIP and IIb/Ib/Ic template options, with the former providing a somewhat better fit due to the aforementioned decline rate, see Table 5 and Fig. 9 . The NOT observations in JHKs from 2015 April 6 cover the site of AT 2015cf, but due to the poorer data quality (FWHM ∼1.0 ) and the small separation from SN 2015ca of 0.7 , the presence of the residual of SN 2015ca in the subtracted image prevents us from obtaining any meaningful upper limits for AT 2015cf. The NOT optical upper limits from 2015 March 27 are the same as obtained for SN 2015ca, but the AT 2015cf data are fitted to a much fainter stage in the templates which means the optical upper limits do not provide useful constraints to the template fits. As such we have opted not to include the NOT upper limits in Table 5 and Fig. 9 . The eEVN non-detection of SN 2015ca does not cover the position of AT 2015cf and cannot be used to constrain the SN type. We conclude that the observations of AT 2015cf are most consistent with an old, possibly H-rich, CCSN. Table 4 shows for NGC 3110 the SF rate, starburst age, CCSN rate and the origin of its bolometric luminosity. This is based on modelling the multi-wavelength SED of NGC 3110, using data points available from the literature ranging from optical to submillimetre photometry (U et al. 2012) , by combining libraries of starburst, AGN torus and disk component models. For more details see Herrero-Illana et al. (2017) and references therein, with the difference that a We found that the SED of the host galaxy NGC 3110 was best fitted by a disk model with a minor starburst component. Table 4 shows the best fit parameters and Fig. 10 the best fitting model. This means the dominant contributor to the galaxy's total luminosity is not the starburst luminosity, but rather the luminosity of the disk component, which is in strong contrast with the other two SN hosts IRAS 18293-3413 and IRAS 17138-1017 (Herrero-Illana et al. 2017) . This results in a CCSN rate for NGC 3110 which is significantly lower (0.14 +0.01 −0.01 SN yr −1 ) than the expectation from the LIRG's IR luminosity, which would be ∼ 0.6 SN yr −1 when applying Eq. 1. The reason for this is that as a diskdominated object, most of the IR luminosity in this galaxy is due to reprocessed radiation from old stars which are not massive enough to explode as SNe.
CCSN rate of NGC 3110
Finding two concurrent CCSNe in a galaxy with a CCSN rate of 0.14 yr −1 is peculiar, but not impossible. If we assume a Poisson distribution and that SNe are detectable for 3 months, as has been the case for the discoveries in this paper, the probability of discovering two CCSNe in any of the four epochs of NGC 3110 is 4% and 0.2% for an expected yearly SN rate of 0.6 and 0.14, respectively. If we assume the same rates for our whole sample (36 epochs in total), this increases to 30.8% and 1.8%, respectively.
The CCSN nature of SN 2015ca is well established. The CCSN nature of AT 2015cf remains poorly constrained, but other plausible scenarios with sufficiently high rates are not known to the authors. One possible explanation for this discrepancy is that the starburst age is significantly underestimated. A higher starburst age would give a higher CCSN rate. One important difference between the model fit for NGC 3110 and the other LIRGs studied by Herrero-Illana et al. (2017) is that in the case of NGC 3110 we lack Spitzer IRS data for the whole galaxy (because of its large angular size) which would constrain our model further.
Detection efficiency
To evaluate how effective our detection method was at recovering SNe, we calculated the detection efficiency in the data by simulating artificial sources in an epoch typical for our sample. We chose to simulate SNe in the GeMS/GSAOI epoch from 2013 April 21 of IRAS 18293-3413, as it is a fairly typical LIRG at a typical distance within our sample and host to SUNBIRD discovery SN 2013if. SNe were simulated in the central region of the galaxy, defined as con- taining 80% of the galaxy light. We constructed a model PSF from three bright field stars, placed it in a random position in this region and then performed a subtraction as described in Section 3.4. To recover the source, aperture photometry was taken at the simulation location and a 3x3 grid of apertures around it, separated by twice the FWHM. The source was considered recovered when the source flux exceeded three times the standard deviation of the counts recorded in the surrounding aperture grid. The results were split into three regions: the central 100 pc (<0.25 ), where the residuals from subtraction are very large, a wider nuclear region of 300 pc omitting the central 100 pc (0.25 -0.75 ), and the remaining area which extended to 600-800 pc (0.5 -2 ).
This was repeated for a range of magnitudes and an S-curve (e.g. Dahlen et al. 2008; Kankare et al. 2012 ) was fitted to the data. We derive a preliminary 50% detection efficiency at magnitudes of 16.7, 19.3 and 20.7 for the three regions referred to above, respectively. As expected, our detection efficiency is significantly reduced in the central 100 pc of the galaxy. SN 2013if was detected in this galaxy at magnitude 18.53 at 200 pc from the nucleus, halfway the second region, which agrees well with the derived 50% detection efficiency for the region. For LIRGs such as this, there is significant variation in the chances of detection, heavily dependent on the local galaxy structure and proximity to the nucleus. Additionally, differences in the data quality between epochs affects detection efficiency. This is reflected by the non-detection of SN 2013if in J -band (where AOperformance in near-IR typically is worst) from 2013 June 11, with an upper limit magnitude of 18.7. We will present an expanded approach to the evaluation of this across multiple near-IR AO surveys, including SUNBIRD, in a future publication (Reynolds et al, in prep).
DISCUSSION
With the detections of SN 2013if, SN 2015ca, SN 2015cb, and AT 2015cf, currently there is a total of 60 CCSN optical and near-IR discoveries in LIRGs reported in the literature since 1968: 39 optical discoveries (see Table 5 ) and 21 in the near-IR (see Table 6 ). Although the discoveries presented in this paper are a minor contribution to the total sample, they are a significant addition to the five previous CCSN discoveries in crowded and obscured regions using near-IR AO observations. We next consider the usefulness of a starburst CCSN survey in the near-IR with the use of LGSAO as compared to the alternatives. Starting with the most well covered tem- Table 5 for a complete list. This table is a result of cross referencing all galaxies in the IRAS RBGS with LIR > 10 11 L (corrected for H0 = 70 km s −1 ) with the most up to date SN catalogues available: Open Supernova Catalog (Guillochon et al. 2017) ; Asiago Supernova Catalog (Barbon et al. 1999 Table 5 . CCSNe hosted by LIRGs discovered in optical, from cross referencing the IRAS Revised Bright Galaxy Sample with the Open Supernova Catalog, Asiago Supernova Catalog, the Transient Name Server and the ASAS-SN supernova sample.
Transient Name Server 13 ; ASAS-SN (Shappee et al. 2014 ). When Eq. 1 is applied to the same sample of galaxies, the collective expected LIRG CCSN rate would be ∼250 yr −1 . This would amount to ∼4000 CCSNe since the start of this century, which is two orders of magnitude larger than the actual observed CCSN rate for LIRGs. We note that Eq. 1 is based on SF-dominated LIRGs, with negligible AGN contribution to LIR. Furthermore a proper comparison can only be done if one would also know the search characteristics of each survey, such as cadence and magnitude limits, which is beyond the scope of this paper. However it is clear that almost all CCSNe exploding in LIRGs are not being observed optically. This is not surprising as current all-sky wide field SN searches are biased towards isolated and bright SNe, and CCSNe hosted by LIRGs are at relatively large distances (most LIRGs are > 50 Mpc) superimposed on bright back-13 https://wis-tns.weizmann.ac.il/ ground emission and likely affected by dust extinction. For example ASAS-SN, an all sky optical supernova search running since June 2013, has discovered ∼500 SNe so far, none of which were located in LIRGs (Holoien et al. 2017a,b,c) .
Discoveries in the near-IR add another 21 CCSNe to the sample, where we include SNe that were typed based on photometric data. Throughout this discussion we treat AT 2015cf as a real CCSN, but the overall conclusions do not change if this were not the case. The discoveries summarised in Table 6 are all a result of SN searches targeting starburst galaxies and include this work. The table is split into CCSN discoveries in natural seeing conditions (non-AO) and discoveries assisted by AO. As this is primarily a division in spatial resolution, the space-based SPIRITS CCSN discoveries with Spitzer/IRAC (1.5 diffraction limit) have been included in the non-AO sample. The table shows a clear distinction: all but one of the near-IR CCSNe discovered in natural seeing conditions occurred outside the hosts' inner kpc. In contrast, the AO-assisted discoveries have primarily Table 6 . CCSNe discovered in near-IR as found in the literature, divided into discoveries in natural seeing conditions and with the assistance of AO. Space based CCSN discoveries are distributed based on the spatial resolution of the discovery image. This list includes CCSNe without spectral confirmation, and are therefore officially potential SNe (PSN) or astronomical transients (AT). Nuclear offsets of the CCSN discoveries in this work are given with 0.1 precision to reflect the uncertainty of the centre of the hosts nucleus.
occurred within the inner kpc, with 6 out of 9 discoveries with nuclear offsets <1 kpc. When the optical CCSN discoveries are added, the benefit of AO to CCSN searches in starbursts becomes even more evident, see Fig. 11 . This figure shows the (projected) nuclear offsets of all 60 CCSN discoveries in LIRGs and it is clear that the near-IR programs using AO have been much more effective in finding nuclear CCSNe than both non-AO near-IR and optical programs, even when we disregard discoveries with offsets > 4 kpc. This cutoff is applied to account for selection effects due to differences in FOV. The FOV of AO-imagers is limited and 4 kpc corresponds to 11 at a typical distance of 75 Mpc of a LIRG hosting a discovered SN. This is the limit of the CCSN search radius of ALTAIR/NIRI on Gemini North, the smallest FOV (22 ) of the AO instruments with which CCSNe have been discovered in LIRGs. As such, this should be treated as a lower limit, since for example the FOV of GeMS/GSAOI is 85 .
The plotted numbers in Fig. 11 have not been normalized to account for coverage, so directly comparing the number of discoveries between optical, near-IR and near-IR AO in each radial bin is not appropriate. Normalization would require knowledge of how often LIRGs have been observed in the optical and the near-IR to this day, which is beyond the scope of this paper. However, we can make assumptions and get an order of magnitude estimate of the historical coverages of the three different distributions. For simplicity's sake we will express coverage in terms of number of epochs.
In the near-IR we assume AO-assisted observations of LIRGs are dominated by targeted SN searches, and we know the coverage of these programs. Across Mattila et al. (2007) with VLT/NACO, Kankare et al. (2008 Kankare et al. ( , 2012 with AL-TAIR/NIRI, and this work with GeMS/GSAOI there have been ∼180 epochs in near-IR with AO. If we add the 17 NICMOS epochs from Cresci et al. (2007) , this amounts to a total of ∼200 epochs of high spatial resolution (AO) imaging of LIRGs.
Individual near-IR non-AO SN programs such as Mannucci et al. (2003) (234 epochs) and Miluzio et al. (2013) (210 epochs) already exceed the AO sum total. Other programs have targeted starburst galaxies, including LIRGs, such as Grossan et al. (1999) (∼500 epochs), Mattila et al. (2004) (120 epochs) and the ongoing SPIRITS survey (Jencson et al. 2017) . Just based on near-IR observations from targeted SN surveys, the coverage of non-AO near-IR observations of LIRGs is a factor of five higher than in the near-IR with AO. Based on this we assume the total coverage in near-IR non-AO is at least an order of magnitude larger than in AO.
By virtue of optical surveys having a larger FOV and greater availability, the coverage of LIRGs in the optical extends over a longer time baseline with higher cadence than in the near-IR. For example the Lick Observatory Supernova Survey (LOSS, Leaman et al. 2011) observed 14882 galaxies over the course of 11 years, with an average of 150 observations per galaxy. As this sample included ∼100 LIRGs, this amounts to 15000 epochs of LIRGs in the optical for LOSS alone. If we also account for optical widefield surveys such as ASAS-SN (Shappee et al. 2014 ), PanSTARRS1 (Chambers et al. 2016 ) and CRTS (Drake et al. 2009 ) that observe large swaths of the sky on a regular basis, it is safe to say the coverage of LIRG observations in the optical is again at least an order of magnitude higher than in the near-IR.
Based on these relative coverages and the numbers shown in Fig. 11 , we can conclude the following: First, despite a massive difference in coverage, since 2000 there have been almost as many CCSN discoveries in LIRGs in the near-IR (21) as there have been in the optical (29), which implies SN discovery in LIRGs is substantially more efficient in the near-IR. Second, despite a significant difference in coverage, in the near-IR there have been almost as many CCSN discoveries from AO programs (9) as from non-AO programs (13), with the AO discoveries weighted towards the nucleus regions. The simplest explanation for these conclusions is the combination of reduced dust extinction in the near-IR, and the improved spatial resolution for AO-assisted imaging at these wavelengths, both of which provide enhanced sensitivity to CCSNe detection in these dusty and compact star forming objects.
The CCSN radial distribution as seen in near-IR AO studies agrees well with work on the spatial distribution of CCSNe and CCSN remnants in the nuclear regions of three starburst galaxies and a sample of spiral galaxies using highangular resolution ( 0.1 ) radio VLBI observations studied by Herrero-Illana et al. (2012) . Here it was found that the SN radial distribution in the LIRGs Arp 220 and Arp 299 was centrally peaked with a very steep SN surface number density profile when compared to the SN radial distribution in regular spiral galaxies from Hakobyan et al. (2009) . The SNe and SN remnants in Herrero-Illana et al. (2012) have radial distances almost exclusively smaller than the most centrally located SN in Table 6 , which is not surprising given the superior spatial resolution, but limited FOV, of VLBI. Figure 11 . Nuclear offset distribution for all CCSNe discovered in LIRGs. In blue are shown the discoveries in the near-IR with AO instruments, in green the near-IR CCSN discoveries in natural seeing, and in red CCSN discoveries in the optical. The dotted line at 4 kpc marks the limit of the smallest FOV of the instrument used for the AO CCSN discoveries, ALTAIR/NIRI on Gemini North, at a typical distance for LIRGs with SN discoveries of 75 Mpc.
CONCLUSIONS
We have introduced project SUNBIRD, a systematic search for CCSNe in nearby LIRGs using AO imaging at near-IR wavelengths, where we aim to characterize the population of CCSNe hidden in obscured and crowded regions of star forming galaxies. We have presented the first results of this project: so far we have covered a sample of 13 LIRGs with GeMS/GSAOI on the Gemini South telescope and discovered three photometrically confirmed CCSNe and one CCSN candidate. Two of the three CCSNe occurred close to the nucleus of their host galaxies. SN 2013if had a projected distance from the nucleus as small as 200 pc, which makes it the second most nuclear CCSN discovery in a LIRG to date in the optical and near-IR after SN 2010cu .
To investigate the impact of these new discoveries and the effectiveness of our near-IR AO CCSN search, we gathered from the literature all CCSN discoveries in LIRGs in the optical and the near-IR. This sample consists of 60 events, out of which 9 were discovered using near-IR AO, including this project. We show a clear distinction in nuclear offset distribution between these 9 events and the other optical and near-IR discoveries. Almost all CCSN discoveries from AO programs occurred in the inner kpc of their hosts, but only a fraction of the non-AO near-IR and optical CCSNe had offsets smaller than 1 kpc. This tells us that our approach is singularly effective in uncovering CCSNe in nuclear regions, and crucial in characterizing this population of CSSNe that will remain invisible through other means.
